Electron microscopy is routinely used to identify viral infections in protozoan parasites. These viruses have been described as non-enveloped and icosahedral structures with a diameter of 30-60 nm. Most of them are classified within the non-segmented dsRNA Totiviridae family. We observed virus-like particles (VLPs) through transmission electron microscopy in the cytoplasm of Trypanosoma cruzi epimastigotes grown in cultures. Clusters of electrodense enveloped VLPs having a diameter of 48 nm were also observed. These clusters appear to have been released from distended Golgi cisternae. Furthermore, a paracrystalline array of electrodense, non-enveloped VLPs (with a diameter of 32 nm) were found in distended Golgi cisternae or as smaller clusters at a distance from the RE or Golgi. We cannot rule out that the 48 nm enveloped VLPs belong to the ssRNA Flaviviridae family because they are within its size range. The localization of enveloped VLPs is consistent with the replication strategy of these viruses that transit through the Golgi to be released at the cell surface. Due to the size and shape of the 32 nm non-enveloped VLPs, we propose that they belong to the dsRNA Totiviridae family. This is the first description of cytoplasmic enveloped and non-enveloped VLPs in T. cruzi epimastigotes.
INTRODUCTION
The parasite Trypanosoma cruzi is the etiological agent of Chagas disease, which is endemic to Latin America and affects approximately 6 to 7 million people 1 . This protozoan has a round nucleus, with one nucleolus and heterochromatin patches close to the nuclear envelope and a single mitochondrion with an enlarged portion (termed kinetoplast) that harbors the mitochondrial DNA (kDNA) [2] [3] [4] . Virus-like particles (VLPs) have been described in protozoa such as Naegleria 5 , Entamoeba 6 and Plasmodium 7 . VLPs have also been described in the cytoplasm of Leishmania hertigi and in Endotrypanum promastigotes [8] [9] [10] . Bacterial symbionts have furthermore been reported in Crithidia, in Blastochritidia 11 , and in Trypanosoma cobitis, a fish trypanosome 12 . In studies of the host-parasite relationship of T. melophagium in the hindgut, epimastigotes were found to be attached to the cuticular intima by hemidesmosomes 13 . VLPs were observed within expanded attached flagella of epimastigotes whose appearance was the same as those found in the midgut cells and lumen of Melophagus ovinus. These observations suggest that VLPs or viruses of a vector can be incorporated into parasites, probably through vesicles that can be observed when attached flagella are in contact with the insect cuticle 14, 15 . There have been several reports of VLPs in vectors of trypanosomes, notably Glossina spp. [16] [17] [18] [19] and in Melophagus ovinus 20 . Other vectors of trypanosomes and Leishmania are known to be vectors of "arboviruses" (sandflies) 21, 22 . Most of the viruses currently known to infect protozoa belong to the Totiviridae, a family that has linear dsRNA genome and also infects fungi. The genome size of members of this family that infect protozoa is between 4.6 to 6.27 kb. The capsid of these viruses is icosahedral and has T=1 symmetry with 120 coat protein molecules per particle. Viral replication occurs in the cytoplasm via a headful mechanism, whereby empty particles areinitially assembled and subsequently the genome is packaged into these particles. The final size of the virions is 33-40 nm 23 . Single-stranded RNA viruses may also infect protozoa. A candidate virus named LR-1 was identified in L. braziliensis guyanensis, associated with 32 nm spherical particles and a genome size of approximately 6 kb. The authors conclude that LR-1 is probably a single-stranded RNA virus 24 . Furthermore, Leishmania guyanensis has been shown to contain 32 nm cytoplasmic LRV-1 viral particles that have both single-stranded and double-stranded RNA 25 . Leishmania infected by the RNA virus 1 (LRV1), a double-stranded RNA virus of the Totiviridae family, have been shown to enhance the production of cytokines and chemokines (TNF-"a", CXCL10, CCL5, IL-6) in macrophages 26 . The discovery that LRV1 can change the course of Leishmania infections has heightened the search for viral hyperpathogens in other infections 27 . To our knowledge, no enveloped viruses that infect protozoa have been identified. The present study describes the presence of both enveloped and non-enveloped VLPs in Trypanosoma cruzi epimastigotes and the analysis of their ultrastructure.
MATERIALS AND METHODS

Parasites
Trypanosoma cruzi was isolated from feces of an infected specimen of Triatoma barberi that was obtained from the State of Queretaro, Mexico, and has been maintained in our laboratory for 24 years. The epimastigote stage was cultured in RPMI medium at 28 °C and the trypomastigote stage was maintained in infected CD-1 mice.
Parasite culture
Metacyclic trypomastigotes were obtained from contents of the anal glands of triatoma (after manual compression), that had previously been fed on pigeons 28 . Metacyclic trypomastigotes were inoculated intraperitoneally into three CD-1 female mice. Fifteen days post-inoculation, the mice were anesthetized to obtain whole blood that was then aliquoted. This blood sample was divided and partly inoculated into Novy-MacNeal-Nicolle medium (N.N.N) and the other part into RPMI-1640. In these media, the trypomastigote-stage transforms into epimastigotes. These were grown at 28 °C in RPMI medium (Life Technologies, Gaithersburg, MD, USA) containing 10 U penicillin per milliliter, 25 µg streptomycin per milliliter, 25 mM HEPES buffer (Life Technologies, Gaithersburg, MD. USA), 2 mM L-glutamine (Sigma, St. Louis, MO, USA) and 10% heat-inactivated fetal bovine serum (Life Technologies, Gaithersburg, MD.USA) 29 . Parasites were harvested after 5-8 days of culture (log growth phase) according to previously published methods 30 . The bloodstream trypomastigote stage was obtained from blood of infected mice. These bloodstream trypomastigotes (10 × 10 6 ) were used to infect monolayers of Vero cells during 48 h. The bloodstream trypomastigotes penetrate into VERO cells, where they transform into amastigotes, which divide and transform into tissue cultured-derived trypomastigotes, lysing Vero cells after 5 days post-infection. Tissue culturederived trypomastigotes were obtained from the culture supernatant and were processed for electron microscopy.
Regarding the amastigotes, three CD-1 female mice (4 weeks old, 20 ± 2 g) were injected intraperitoneally with 1 × 10 6 T. cruzi -bloostream trypomastigotes. After twenty days post-infection, mice were sacrified under anesthesia and the heart muscle tissues were recovered, cut into pieces and washed three times in PBS pH 7.2 at 4 °C, and then processed for electron microscopy in order to observe T.cruzi amastigotes nests.
The guidelines for Laboratory Animal Care established by the ethical committee of the School of Medicine at the National Autonomous University of Mexico were strictly followed.
Electron microscopy study
In total, 5 x 10 6 epimastigotes in the log growth phase, amastigotes from mouse heart and trypomastigotes from Vero cells were processed for electron microscopy. The specimens were washed three times in fresh medium at 4 °C, rinsed in 0.15 M cacodylate buffer and fixed in Karnovsky´s solution for 1 h at room temperature 31 . They were then transferred into 0.1 M cacodylate buffer, postfixed in 1% of osmium tetroxide, dehydrated and embedded in Poly/Bed 812/ DMP30 (Polysciences, Inc, Valley Road Warrington, PA 18976). Ultrathin sections were obtained with a diamond knife on a Reichert Ultracut S microtome, collected on copper grids and stained first with 5% uranyl acetate in water and then with 0.25% lead citrate in 0.1M NaOH 32 . The sections were photographed using a Jeol JEM 1200 EXII transmission electron microscope.
RESULTS
We studied the ultrastructure of Trypanosoma cruzi epimastigotes grown in culture (Figures 1 and 2) . The plasma membrane, subpellicular microtubules, Golgi cisternae, mitochondria, kinetoplast, nucleus, and flagellus of the epimastigotes were intact. Additionally, reservosomes (an acidic organelle that accumulates large amounts of cruzipain, the major cysteine proteinase) were found in Trypanosoma cruzi epimastigotes ( and 2). This plasma membrane covered the whole body surface of the parasite, including the pocket from which the flagellum originates and the flagellum itself. The single flagellum of the parasite originated from the basal body, close to the kinetoplast. It emerged from a deep invagination in the plasma membrane, termed the flagellar pocket, which was located anterior to the nucleus in the pro-and epimastigote stages) (Figure 1 ). All trypanosomatids show an array of microtubules underlying the plasma membrane. The kinetoplast was observed to run parallel to the subpellicular microtubules. The Golgi apparatus (Figure 1 ) was located near the base of the flagellar pocket and was surrounded by numerous smooth and coated vesicles (Figures 1 and 2) . The endoplasmic reticulum (ER), consisting of a nuclear envelope and a connected system of cisternal or tubular membranes was found closely associated with the plasma membrane. The parasite displayed a spherical nucleus, and irregular patches of coarsely granular condensed chromatin were found beneath the nuclear envelope ( Figure 2 ).
Through electron microscopy we also observed two classes of clases VLPs in the cytoplasm of T. cruzi epimastigotes (Figure 3a and 3b) and (Figure 4a and 4b) .
The larger VLPs (48 nm) comprised enveloped spherical or oblong electrodense particles. These clusters were observed close to the Golgi apparatus, partially surrounded by a membrane. They had the appearance of having being expelled in a burst-like manner from distended Golgi cisternae (Figure 3b ). They were also evidenced as smaller clusters at a distance from the Golgi apparatus (Figure 3a) . We also observed smaller electrodense VLPs (32 nm) that were non-enveloped spherical particles. These non-enveloped VLPs were observed as paracrystalline (Figure 4a ). VLPs were only observed in the cytoplasm of few parasites (about 1.9% of the of the T. cruzi epimastigotes analyzed), whereas no parasites were found to harbor both types of VLPs. Based on these findings, the two morphologically distinct VLPs observed suggest that the parasites were infected with different viruses. Furthermore, viral infections seem to be a rare event, only present in a small fraction of the parasites. With these findings, we were also interested in analyzing the possible presence of VLPs in the other T. cruzi life stages. It is noteworthy that we only found VLPs in epimastigotes with no evidence of virus-like particles in trypomastigotes or amastigotes, despite intensive analysis (Figure 5a and 5b) .
DISCUSSION
We show herein the probable infection of T. cruzi epimastigotes with two types of viruses, both enveloped (48 nm) and non-enveloped (32 nm). Viruses had not been identified in flagellates until 1986 and to date only members of the Totiviridae family are known to infect flagellates 27, [33] [34] [35] . Furthermore, flagellates have been shown to only harbor dsRNA viruses of the Totiviridae family that are vertically passed between individual hosts. Primitive bacterial and eukaryotic species have been shown to harbor dsRNA, and based on RNA polymerase sequence analysis it has been suggested that dsRNA viruses gave rise to +RNA viruses. In some fungal totivirus infections, only intracellular transmission has been demonstrated, suggesting that the virions probably lack the machinery for cell transmission 36 . Single-stranded RNA viruses have been suspected to infect flagellates for some decades; however, no definitive proof exists so far.
The Flaviviridae family seems to be evolutionarily old, based on RNA-dependent RNA polymerase sequence analysis. The flaviviruses replicate in mammalian and arthropod hosts. They are closely related to the following three families of viruses that exclusively infect plants: Luteoviridae, Potyviridae, and Tobamoviridae
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. Among the flaviviruses, progeny viruses are thought to assembled by budding to the ER and passing through the Golgi apparatus to be released on the cell surface.
It is noteworthy that we observed two types of viral particles including VLPs (32 nm) that seem different from the enveloped VLPs (48 nm) and are thus unlikely to be related. Based on morphology, size and cytoplasmic localization, we cannot exclude the possibility that the 32 nm VLPs observed in T. cruzi epimastigotes belong to the Totiviridae family, the only virus family that has been demonstrated to infect protozoans.
In this study, we observed enveloped VLPs in the cytoplasm of T. cruzi epimastigotes for the first time. These particles were localized close to the Golgi apparatus in all cases, either as large clusters partially surrounded by membrane, as if they originated from disrupted Golgi cisternae, or in smaller clusters nearby. These observations are suggestive of an assembly pathway with budding to an intracellular membrane compartment. Given the rarity of finding VLPs (1.9%), we cannot exclude the possibility that accumulation of VLPs at the Golgi apparatus is rare or aberrant, considering that the particles are in transit and do not normally accumulate at this stage. Considering the three major enveloped arbovirus families, Bunyaviridae, Flaviviridae and Togaviridae, the 48 nm VLPs are only in the size range of flaviviruses. This family is one of the most versatile virus families, because they can affect both arthropod vectors and mammalian hosts. However, the finding of flaviviruses in protists is unprecedented. Further studies will be needed to determine if -the observed VLPs are indeed viruses of the Flaviviridae family.
It is not clear how T. cruzi have acquired these VLPs in natural conditions, either from the reduviid vector or from the mammalian host. It is also possible that VLPs were acquired in laboratory conditions. We speculate that one of the possible mechanisms of parasite infection in laboratory conditions could have occurred during the feeding of triatomas infected with T. cruzi on pigeons harboring Flaviviridae. Pigeons have been reported to become infected by Flaviviridae family members 38 . Thus, T. cruzi parasites living within the triatomas could acquire the viruses after feeding on pigeon blood infected with the flavivirus. It is unlikely that T. cruzi epimastigotes could have acquired VLPs from triatomas infected with a Flaviviridae family member because, to the best of our knowledge, triatomas have not been shown to be infected by either of these viruses. Triatomas have been shown to harbor viruses such as Triatoma virus (TrV) that consist of a mixed population having RNA (full) or lacking RNA (empty). These were described as non-enveloped +ssRNA viruses belonging to the insect virus Dicistroviridae family 39 . The analysis of their virus capsids and smaller particles showed that the protein composition of different TrVs might be heterogeneous 40 . Yet, it is also possible that the epimastigotes exposed to the Triatoma virus (TrV) present in the intestinal cells of the vector could be the source of the 32 nm VLPs observed in this study.
We have no explanation as to why VLPs were only detected in the epimastigote stage. Possibly the lack of expression in the other stages of the life cycle could be related to immune pressure exerted by the mammalian host on the parasite stages found in these hosts. Thus, trypomastigotes or amastigotes infected with viral-like particles could possibly be eliminated by the cytotoxic immune response of the mammalian host, such as that enacted by NK cells, that recognize viral particles and eliminate the trypomastigotes or amastigotes containing VLPs. The fact that epimastigotes possibly harbor VLPs could have biological implications for the disease severity, because an epimastigote-like stage has been described in infected heart-smears of mice [41] [42] [43] [44] [45] [46] . Yet, a more detailed investigation of VLPs in the trypomastigote and amastigote stages will be fundamental to better understand their biological implications on the severity of T. cruzi infection/ disease.
In contrast to T. cruzi, other trypanosomatids have been shown to become infected by members of the Totiviridae family. This is the case for Leishmania guyanensis, that has been shown to become infected with (LRV1), a member of the Totiviridae family. The infection of this parasite by the virus elicits a strong pro-inflammatory immune response via toll-like receptor 3, and the resulting inflammatory cascade leads to an enhanced virulence and resistance to anti-Leishmania drugs 27 . Leishmania RNA virus (LRV) infection of L. guyanensis has been related to a destructive hyperinflammatory response and elevated parasitemia in infected patients 47 . Unlike Leishmania RNA virus infections that lead to disease exacerbation, in T. cruzi, no enveloped viral-like particles have yet been reported.
Future studies are needed to clarify this observation; yet at this point it is probably important to show the first evidence of possible enveloped viral-like particles in T. cruzi epimastigotes. While we do not know the biological and clinical significance of the presence of a putative totivirus in T. cruzi epimastigotes, further studies are warranted to analyze whether these VLPs possibly affect the virulence of the parasite. Isolation and characterization of these enveloped VLPs will help to determine their possible role in the disease physiopathology. The microscopic evidence of VLPs is a novel finding in T. cruzi epimastigotes. The biological implication of this finding remains to be established.
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